Microtubule (MT)-dependent MT nucleation by g-tubulin is required for interphase plant cells to establish a highly dynamic cortical MT network underneath the plasma membrane, which influences the deposition of cell wall materials and consequently governs patterns of directional cell expansion [1] [2] [3] [4] [5] [6] . Newly formed MTs either assume 40 angles or are parallel to the extant ones [7] [8] [9] . To date, it has been enigmatic how the g-tubulin complex is recruited to the sidewall of cortical MTs and initiates MT nucleation [10] . Here, we discovered that the augmin complex was recruited to cortical MTs and initiated MT nucleation in both branching and parallel forms. The augmin complex overwhelmingly colocalized with the g-tubulin complex. When the function of the augmin complex was compromised, MT nucleation frequency was drastically reduced, most obviously for the branching nucleation. Consequently, the augmin knockdown cells displayed highly parallel and bundled MTs, replacing the fine and mesh-like MT network in the wild-type cells. Our findings uncovered a mechanism by which the augmin complex functions in recruiting the g-tubulin complex to cortical MTs and initiating MT nucleation, and they shifted the paradigm of the commonly perceived mitotic-specific function of augmin and established its crucial function in MT-dependent MT nucleation in interphase plant cells.
Results and Discussion
The Augmin Complex Is Recruited to Cortical MTs and Initiates Both Branching and Parallel MT Nucleation The augmin complex plays a critical role in mitotic spindle assembly by generating short and dense intraspindle microtubules (MTs) in both animal and plant cells [11] [12] [13] [14] [15] [16] . The current model is that the augmin complex binds to MT walls and recruits the g-tubulin ring complex (gTuRC) via the WD40 repeat protein NEDD1 to initiate new MT nucleation [13, [17] [18] [19] [20] . MTdependent MT nucleation by gTuRC in interphase cells has been well characterized by live-cell imaging in plants [8, 21] . However, it is still undetermined whether the augmin complex is involved in the regulation of gTuRC-dependent MT nucleation in interphase plant cells.
To determine whether the augmin complex is associated with the interphase cortical MTs, we performed live-cell imaging using the conserved subunit AUG3 [15] and a plant-specific subunit AUG7 [16] as the reporter. We recorded both AUG3/7-GFP and the cortical MTs labeled by mCherry-TUB6 in the interphase pavement cells on the Arabidopsis leaf epidermis. Notably, both AUG3-GFP and AUG7-GFP decorated the cortical MTs and appeared as discrete particles that remained immobile for different lengths of time before disappearing from the cortical MTs (Figures S1A and S1B available online; Movie S1). Persistent residence of AUG3/7-GFP usually led to new MT initiations, either in the branching form or in the parallel form (Figures 1A-1C; Figure S2A ; Movie S1). Importantly, these results revealed that augmin was associated with MT nucleation in interphase cells.
Interestingly, we found a small portion of augmin-associated MT nucleation events taking place at the MT crossover sites. Following the recruitment of augmin particles to the newly formed MT crossover sites, a fraction of them subsequently led to MT nucleation, either in the branching form or in the parallel form along the preexisting MTs ( Figure S3A ; Movies S1 and S2). This finding is consistent with the published observation of MT initiation at the crossover sites in Arabidopsis hypocotyl epidermal cells using EB1a-GFP and GFP-TUB6 as the markers [9] . However, it was still uncertain whether MT nucleators, like the gTuRC, were implicated in this process. Thus, we examined gTuRC dynamics ( Figure S1C ; Movie S1) in leaf epidermal pavement cells, using the GCP2-3xGFP fusion [8] as the reference. Similar to augmin, a small portion of GCP2-3xGFP particles were also recruited to the MT crossover points, and a fraction of them subsequently led to new MT growth ( Figure S3B ; Movie S2). Together, the results firmly indicate that augmin-associated MT initiation at MT crossover sites was a bona fide MT nucleation event coupled with the gTuRC.
Augmin Is Specifically Associated with MT-dependent MT Nucleation
To further gain insights into the function of augmin in the assembly of interphase MTs, we tracked 522 AUG3-GFP particles in six cells of three seedlings, 627 AUG7-GFP particles in seven cells of four seedlings, and 492 GCP2-3xGFP particles in four cells of three seedlings. We assessed the relationship between the appearance of augmin/gTuRC on cortical MTs and the dynamic behaviors of cortical MTs at the site and divided them into five categories, with the augmin/ gTuRC-associated MT nucleation at crossovers incorporated into the categories of either branching or parallel nucleation ( Figure 1D ). In general, augmin exhibited a similar dynamic pattern to that of the MT-associated GCP2-3xGFP, with approximately one half of the AUG3/7-GFP particles appearing transiently on the cortical MTs (type 1 in Figure 1D ) without initiating MT nucleation. The remaining half resided persistently on the MTs and subsequently led to MT nucleation, more frequently in the branching form (type 2 in Figure 1D ) than in the parallel form (type 3 in Figure 1D ). However, 7.35% of GCP2-3xGFP particles appeared at the cell cortex devoid of MTs (types 4 and 5 in Figure 1D ), and about one-fifth of them led to de novo MT nucleation (type 5 in Figure 1D ; Figure S2B; Movie S1). These results were similar to the data gathered from the hypocotyl cells [8] . In contrast, only 2 out of 1,149 AUG3/7 particles appeared at cortical sites devoid of MTs, and de novo nucleation was never detected (Figure 1D) . Therefore, we concluded that augmin specifically regulates MT-dependent MT nucleation in interphase cortical MTs.
Branched MT nucleation was first described as ''microtubular fir-trees'' inside the gigantic spindle apparatus in Haemanthus endosperm [22] . Such a nucleation pattern is now recognized to be shared by animal cells and recapitulated by electron microscopy [14, 23] . The augmin complex interacts with the gTuRC and likely recruits the latter to MT walls to initiate branching nucleation with shallow angles (<30 ); such a nucleation event has been reconstituted in vitro using frog egg extracts [24] . However, this nucleation event still lacks in vivo evidence that links MT nucleation with the residence of augmin. Our earlier findings have reached similar conclusions in plant cells undergoing mitosis as well [16] . The live-cell imaging data presented here further provided the most convincing evidence that augmin is involved in MT-dependent MT nucleation on interphase cortical MTs in living plant cells. Interestingly, a recent study showed that the gTuRC that is recruited to the mitotic spindle by augmin is not stably fixed at the initial location but sorted poleward by motor proteins [25] . However, the augmin complex and gTuRC were immobilized once being attached to the wall of cortical MTs. Therefore, interphase plant cells might employ additional anchoring proteins that immobilize augmin and gTuRC at the initial landing sites on the extant MTs.
Augmin Colocalizes with the gTuRC in Interphase Cells
Augmin subunits colocalize with those of the gTuRC in mitotic cells, as demonstrated in Arabidopsis [15, 16] . To further investigate the relationship between the augmin complex and the gTuRC in interphase cells, we coexpressed AUG1-2xTagRFP and GCP3-GFP under the control of their native promoters. We observed that AUG1-2xTagRFP particles were overwhelmingly colocalized with GCP3-GFP particles in leaf epidermal cells (Figure 2A ; Movie S3). The colocalization was further validated by time-lapse illustration and kymograph analysis ( Figures 2B and 2C ). Among 405 AUG1-2xTagRFP particles and 399 GCP3-GFP particles detected in four cells, 332 of each were colocalized, accounting for 82.0% of AUG1-2xTagRFP and 83.2% of GCP3-GFP ( Figure 2D ; Movie S3). The GCP3-GFP particles that did not colocalize with In the merged images, AUG3-GFP is pseudocolored in red, and MTs are pseudocolored in green. White arrowheads indicate an AUG3-GFP particle associated with a branching nucleation event, with the growing plus end of the nascent MT tracked by white arrows. The dashed white arrow along the trajectory of the nascent MT highlights the area and the direction for kymograph analysis of the branching nucleation event in (B). Yellow arrowheads indicate an AUG3-GFP particle associated with a parallel nucleation event, with the growing plus end of the nascent MT tracked by yellow arrows. The nascent MT was depolymerized, and another parallel nucleation event was initiated from the same AUG3-GFP particle. The dashed yellow arrow along the nascent MT highlights the area and the direction for kymograph analysis of the parallel events (C). The scale bar represents 2 mm. See also Movie S1. Respective numbers of AUG3-GFP, AUG7-GFP, and GCP2-3xGFP particles were quantified, and the numbers were converted to percentages in each category, with the SD of the mean in each category representing the variation among the cells used in the quantification. MT nucleation events at MT crossover sites were included in the calculation and were incorporated into either branching or parallel nucleation, accordingly. Error bars indicate SD. See also Figures S1-S3 and Movies S1 and S2. (E) Distribution of the times required for new MT initiation after AUG3/7-GFP particles were recruited to the MTs, as shown in Figure 1D . (F) Distribution of the residency times of AUG3/7-GFP particles associated with MT nucleation, as shown in Figure 1D . (G) Distribution of the residency times of AUG3/7-GFP particles which did not lead to new MT initiation, as shown in Figure 1D . (H) Distribution of the times required for new MT initiation after GCP2-3xGFP particles were recruited to the MTs, as shown in Figure 1D . (I) Distribution of the residency times of GCP2-3xGFP particles associated with MT nucleation, as shown in Figure 1D . (J) Distribution of the residency times of GCP2-3xGFP particles which did not lead to new MT initiation, as shown in Figure 1D . AUG1-2xTagRFP might represent a subpopulation of gTuRC that was transiently recruited to cortical sites (e.g., on the plasma membrane) devoid of MTs. As expected, the average residency time of GCP3-GFP particles showing noncolocalized pattern was 36.8 s, in contrast to 55.0 s for those particles showing colocalization. Furthermore, we calculated the time from the arrival of GFP-labeled augmin or gTuRC particles on the MTs to the start of nucleation and the lifespan of augmin or gTuRC particles (Figures 2E-2J ). Compared to the gTuRC, a bit more time was required for augmin to initiate MT nucleation ( Figures 2E and 2H) , indicating that the augmin appeared a little bit earlier than the gTuRC. In contrast, the lifespan of augmin associated with MT nucleation was shorter than that of the gTuRC (Figures 2F and 2I) , indicating that the augmin detached from the nascent MTs earlier than the gTuRC, which still end capped the minus ends of the nascent MTs. Collectively, these findings support the notion that augmin functions in recruiting gTuRC to initiate MT-dependent MT nucleation.
Impairment of Augmin Function Severely Suppresses MT Nucleation and Alters Cortical MT Organization
To examine how MT nucleation might be affected when the function of augmin was impaired, we generated augmin knockdown lines by expressing an artificial microRNA (miRNA) targeted at AUG6 (amiR-AUG6). The transgenic lines, as represented here by the amiR-AUG6-7 line, showed severe growth retardation, with reduced leaf sizes and seedling dwarfism albeit being fertile ( Figure 3A ), with the AUG6 expression level reduced to 32.5% of that in the control ( Figure 3B ). The growth retardation phenotype was confirmed to be specifically caused by amiR-AUG6 because introducing a miRNA-resistant version of AUG6 into the knockdown line restored growth to a level indistinguishable from that of the wild-type control ( Figure 3A) . Strikingly, cortical MTs in the amiR-AUG6 pavement cells became highly ordered parallel bundles, in contrast to the fine MT network in wild-type cells ( Figures  3C and 3D) . To further determine how cortical MTs achieved such a configuration in the amiR-AUG6 cells, we analyzed MT nucleation patterns and frequencies when comparing to wild-type cells ( Figures 4A and 4B ) by applying the walking image subtraction approach modified from a published method [26] . This method allowed us to precisely discern both branching and parallel nucleation patterns and distinguish them from MT rescue events ( Figure S4 ; Movie S4), and it led us to determine a frequency of MT nucleation at 62.8 events per 100 mm 2 per hour (n = 381, 9 cells) in wild-type pavement cells ( Figure 4C ), which was consistent with previously reported 57.7 events per 100 mm 2 per hour in the same cell type [27] . However, in amiR-AUG6 cells, the nucleation frequency was reduced to 9.16 events per 100 mm 2 per hour (n = 187, 15 cells) ( Figure 4C ). Both branching and parallel nucleation forms were suppressed in amiR-AUG6 cells. Specifically, the branching nucleation represented approximately 82.3% of the total nucleation events in wild-type cells, and the rest (17.7%) were parallel nucleation events. In amiR-AUG6 cells, however, the parallel MT nucleation prevailed and accounted for 63.4%, and the rest (36.6%) were branching nucleation (Figures 4D and 4E) . We also found that in branching MT nucleation events, the branching angles in amiR-AUG6 cells were reduced to 29. 7 6 10.5 , compared to 41.0 6 12.6 found in wild-type cells ( Figures 4D  and 4E ).
Taken together, these results strongly indicate that the augmin complex plays a crucial role in MT-dependent MT nucleation for establishing the cortical MT network in interphase plant cells and that downregulation of augmin significantly altered MT nucleation patterns and reduced nucleation frequencies, most likely due to repressed recruitment of the MT nucleator gTuRC to preexisting MTs. To date, MT-dependent MT nucleation in interphase has only been noticed in plant cells. The critical function of augmin in this event might be considered to be a plant-exclusive phenomenon. However, an earlier report in animal cells also showed that downregulation of augmin led to highly bundled and compact interphase MTs that encircled the nucleus instead of having their plus ends extend toward the cell periphery [28] . A unified mechanism may lie behind the organization of interphase MTs in plant and animal cells.
Conclusions
In this study, we uncovered a mechanism by which the augmin complex governed MT-dependent MT nucleation in interphase plant cells. We proposed that the augmin complex was recruited to cortical MTs via a yet-unknown mechanism and then allowed the gTuRC to be docked in order to initiate a nucleation event in respective patterns (see the model in Figure 4F) . To our knowledge, the data presented here provide the most convincing evidence that supports augmin being a bridging factor and probably the recruitment factor of the gTuRC during MT-dependent MT nucleation for organizing interphase cortical MTs. Future work should be aimed not only at identifying novel partners (anchoring proteins or adaptors) that interact with the augmin complex but also at exploring novel regulatory events that specify various nucleation forms. 
